Background and Aim: Left ventricular (LV) systolic strain has been shown to be an early
waiting approach. 2, 3 However, many of these patients exhibit hypertrophic remodeling of the LV, which may not completely reverse after valve replacement and is associated with poorer clinical outcomes. [4] [5] [6] [7] Accordingly, there has been significant interest in and debate regarding whether earlier surgical intervention should be performed in patients with severe AS even in the absence of symptoms. 8, 9 In asymptomatic patients, risk stratification with natriuretic peptides, and exercise testing is often performed, but often the implications of the findings for clinical management decisions are not clear. 10 Strain has been a useful tool to identify subclinical systolic dysfunction despite a preserved EF in patients with AS. [11] [12] [13] [14] Strain is a measure of the deformation that occurs within an object.
Normal strains (such as those measured in this study) are associated with fractional length changes that occur in a given direction within the object. As such, in the heart, they are a measure of contraction or elongation that occurs in a particular direction, and thus provide a sensitive, quantitative assessment of contractile function. Reduced longitudinal strain, in particular, has been associated with increased rates of mortality and major adverse cardiac events in this population. [15] [16] [17] Echocardiographic strain techniques may provide insufficiently detailed information to reliably identify and localize heterogeneity in LV systolic dysfunction. Accordingly, we utilized a three-dimensional (3D) multiparametric magnetic resonance imaging (MRI) strain-based technique to characterize the longitudinal and circumferential strain pattern of the entire LV in patients with severe AS. This technique has previously been used to identify heterogeneity of LV function in patients with dilated cardiomyopathy and aortic regurgitation. 18, 19 This approach may allow us to recognize "sentinel" regions of abnormal LV strain that may identify patients with more imminent, overt LV systolic dysfunction in whom earlier surgical intervention may preserve long-term cardiac performance and maintain optimal quality of life. Four long-axis image sets were obtained in radially oriented planes.
| MATERIALS AND METHODS

| Study population
Tissue tagging was then performed on each image using a spatial modulation of magnetization (SPAMM) radiofrequency tissue 
| Strain analysis
The strain analysis process has been described in detail previously. [22] [23] [24] Briefly, the epicardial and endocardial wall boundaries of the LV were defined in both short-axis and long-axis non-tagged images. Tag lines were delineated using a semi-automated algorithm utilizing an active contour approach. The anterior and inferior boundaries of the septum were then manually identified using intersection points within the RV free wall on the most basal shortaxis image. These points were used in conjunction with a geometric Z-scores were also combined into a composite multiparametric strain value, and 3D color contour maps of the LV were generated based on composite Z-scores.
| Statistical analysis
Continuous variables were summarized as mean ± standard deviation. Circumferential and longitudinal strains were compared between patients with AS and controls using a Student's t-test.
Comparison of regional Z-scores with the AS population was conducted through a repeated measures analysis using a mixed model methodology. A significant overall test was followed by examining all pairwise comparisons, and a Tukey adjustment for multiple comparison testing was applied. The linear association between overall strain and select variables within AS patients was assessed by the Spearman's correlation. All analyses were conducted in SAS v9.4 (SAS Institute, Inc., Cary, NC).
3 | RESULTS
| Patient characteristics
The 12 patients with AS included in this study had a mean age of 64 years with mean aortic valve area index of 0.40 cm 2 /m 2 , 25% had diabetes mellitus, and 17% were female (Table 1) . A majority had some symptoms related to AS, but only one (8%) had more advanced heart failure symptoms (New York Heart Association class III or IV). All patients had an EF ≥50% with similar measurements by echocardiography and MRI.
| Strain in patients with AS versus controls
Tissue tagging was performed as described and shown in Figure 1 and strain was calculated in the circumferential and longitudinal dimensions. Compared to healthy volunteers, patients with AS had reduced circumferential strain in the base and mid-levels of the heart as well as the inferior region, but not in the apex or in the septal, anterior, and lateral regions (Table 2) . Similarly, for longitudinal strain significant difference between AS patients and healthy controls was seen at the base and mid-ventricle, and in the septal and anterior walls (Table 3 ).
| Regional strain patterns in patients with AS
Z-scores varied significantly by ventricular level. Circumferential, longitudinal, and multiparametric Z-scores were larger at the base of the heart compared to the apex. Additionally, longitudinal and multiparametric strains Z-scores were larger at the mid-ventricle compared to the apex (Table 4) . In comparing Z-score between ventricular regions, a significant main effect was seen for circumferential strain (P = 0.018) and longitudinal strain (P = 0.05), but not for multiparametric strain (P = 0.19) ( Table 5 ). Pairwise comparisons demonstrated larger circumferential strain Z-scores in the inferior wall compared to the anterior wall. Across the LV as a whole, abnormalities of longitudinal strain were generally more pronounced than for circumferential strain.
Contour plots with Z-scores for circumferential and longitudinal strains across the entire LV are shown for representative patients in Figures 2 and 3 . The availability of pointwise data over the standardized grid of LV points allows for a unique visual presentation of the group's mean regional Z-score data. By averaging the Z-scores at each grid point from all patients, a color contour plot can be generated that represents regional normalized contractile injury of an average patient with AS ( Figure 4) . These plots visually demonstrate the more pronounced impairment of longitudinal strain in the base of the heart, particularly in the anterior and septal regions. In contrast, circumferential strain is most abnormal in the inferior region of the heart.
| Correlation of global strain with other variables
The relationship between global circumferential and longitudinal strains with mean valve gradient and LV mass index was assessed by the Spearman's correlation. Correlation coefficients were generally small, ranging from −0.05 to 0.43, and none of the relationships were found to be significant. Complete results of this analysis are presented in Table 6 .
| DISCUSSION
These findings show that patients with severe AS have LV systolic dysfunction despite a preserved EF. Moreover, we showed that the contractile impairment is distributed heterogeneously across the ventricle. The largest decrease in contractile function was seen at the LV base, as both circumferential and longitudinal strains differed significantly in comparison to the apex, which was relatively spared. When broken down by wall segment, longitudinal strain was most impaired in the anterior and septal walls, while circumferential strain was most impaired in the inferior wall.
Perhaps, these sensitive MRI-based strain methods may facilitate earlier detection of abnormalities in sentinel regions and identify patients with severe AS who may benefit from earlier valve replacement before more extensive LV dysfunction occurs.
Although the small number of subjects limits our ability to detect 
| Comparison to prior studies
Our study corroborates findings from prior imaging studies using speckle-tracking echocardiography to assess strain in patients with severe AS. Studies looking only at longitudinal strain in this population Data reported as mean ± standard deviation. *P < 0.05 versus base. **P < 0.05 versus mid.
FIGURE 2
Representative circumferential strain Z-score contour plots from four individual patients. All plots are oriented with the anterior wall to the front with the ventricular septum on the left. Blue areas indicate regions with Z-scores less than 1, yellow regions between 1 and 2, and red regions greater than 2 have found significant differences in longitudinal strain globally across the LV. These differences have been correlated with increased all-cause mortality and major adverse cardiac events, as well as decreased exercise tolerance. 17, 25 One study also looked specifically at basal longitudinal strain (BLS) and found that patients with significant differences in BLS were more likely to be symptomatic. 26 Our study builds on these prior studies by utilizing the increased 3D spatial resolution of cardiac MRI to generate detailed regional strain maps across the entire LV. We also incorporated measurements of circumferential strain, which were not assessed in prior echocardiographic studies, and we showed that both circumferential strain and combined multiparametric strain were impaired in these patients.
| Heterogeneity of LV dysfunction
Although the entire LV faces a single obstruction at the valvular level in patients with AS, our data suggest that the contractile injury resulting from this impairment to flow is distributed in a non-uniform manner . 18 Fibrosis appears to be more focally increased in the basal septal region of the heart in patients with AS, which corresponds to areas of abnormal strain in our study. 27 The asymmetric distribution of fibrosis may underlie the abnormalities in strain. Accordingly, abnormalities in MRI-based strain in these regions may be markers of adverse remodeling that may not reverse after valve replacement.
| Clinical implications
There is currently significant debate regarding the optimal timing of valve replacement surgery in patients with asymptomatic severe AS. 8, 9 While all patients with asymptomatic severe AS may not benefit from a strategy of early valve replacement, there may be sub-groups that might benefit. The issue is not simply one of operative and postoperative mortality. For relatively younger patients with several years of anticipated life expectancy after valve replacement, optimal long-term cardiac performance and freedom from heart failure are very important. Relevant to this, increased preoperative natriuretic peptide levels and more extensive myocardial fibrosis have been associated with worse LV function and worse heart failure symptoms after valve replacement. 10, 27 In this context, our findings may have potential clinical significance. The ability to detect preclinical LV dysfunction-strain abnormalities in these sentinel regions-may help identify patients at risk for a progressive decline in LV function, which may lead to worse postoperative survival, cardiac performance, and symptom status if valve replacement is delayed.
Tagging sequences are widely available on MRI scanners. Acquiring a full set of images typically takes about an hour, while the postprocessing of tagged data to obtain strain measurements usually takes 4-6 h for an experienced user. These factors limit the generalizability of the techniques used in this study. However, recent advances in both imaging and image processing have substantially reduced the time required to generate these strain measurements, which could make more widespread application of these methods clinically feasible.
28,29
| Limitations
The primary limitation of this study is its relatively small sample size.
Another potential limitation of this study is the lack of age-matched healthy controls used for strain comparisons to the AS patients. This allows for the possibility that some of the observed differences in strain between the two groups could be related to age rather than the disease process itself. However, a recent study looking at age-related strain differences did not detect significant differences in either circumferential or longitudinal strains among groups covering the ages of subjects used in this study. 30 Lastly, the lack of follow-up data in these patients makes it difficult to gauge the significance of the findings presented in this paper. Clearly, further studies are needed to confirm and clarify these results.
| CONCLUSION
Our study shows that patients with severe AS exhibit both global and regional LV dysfunction even in the setting of a preserved EF. These 
